ABSTRACT Based on the parallel robotic manipulator, this paper proposes a motion control strategy for the novel robotic spine brace for spinal rehabilitation exercises. However, several shortcomings of this parallel robotic manipulator, such as dynamic coupling in joint space, low response frequency in roll and pitch directions, and bad influence of device's gravity, result in bad effects on the performance of the robotic spine brace system. For solving these problems of parallel robotic manipulator, a new motion control structure, modal space dynamics-velocity feed-forward (MSDF) motion control strategy, is designed in this paper. A robotic spine brace system model and an actuator dynamic model are expressed using the Kane method. Stability of the robotic system with the MSDF control method is analyzed. For evaluating the performances of the proposed motion control structure, an experimental parallel robotic manipulator is built. Experimental results reveal that the presented MSDF motion control strategy can eliminate those disadvantages efficiently.
I. INTRODUCTION
Spine is the backbone of human body which has the function of bearing weight, shock absorption, protection and movement [1] . When the body is injured in the spine, it seriously affects daily activities and reduces the quality of life. Thus, it is necessary for patients with spinal injury to do spinal rehabilitation exercises every day [2] - [4] . The current spinal rehabilitation exercises are mainly done by spinal rehabilitative trainers [5] , [6] , which is expensive and inconvenient for patients.
Human spine has six degree-of-freedoms (DOFs) movements on three planes. Thus, for achieving better rehabilitative effects, spinal rehabilitation exercises must be exerted on six motion directions [7] , [8] . This paper proposes a novel motion control structure for the robotic spine brace based on the parallel robotic manipulator system, which applies 6 DOFs spine rehabilitative exercises for patients [9] . This parallel mechanism has several advantages including high-accuracy, big power-to-weight ratio and high robust stability [10] - [12] . Nevertheless, this parallel structure has several shortcomings, dynamic coupling in joint space, low response frequency in roll and pitch directions and bad influence of device's gravity. These inherent properties greatly affect and limit the performance of robotic spine brace and it is difficult to eliminate bad effects just using the classical proportion integral derivative (PID) control strategy in joint space or task space [13] , [14] . Parallel robotic manipulators have been widely studied in some literatures [15] - [18] , and have been practically applied in many areas [19] - [21] . In order to solve these boring problems, many effective control strategies have been designed for parallel robotic manipulators [22] - [24] . Those control methods are all proposed in work space or joint space [25] - [28] . Pi and Wang [29] designed a cascade control algorithm with a disturbance observer for 6-DOF parallel hydraulic manipulator in joint space coordinate, without considering the complex dynamics and direct kinematics of the system. Chen and Fu [30] proposed a backstepping control strategy with an observer-based forward kinematics solver for the 6-DOF parallel manipulator (Stewart platform) considering the friction of the actuator. In order to solve these boring problems, Yang et al. [31] and Yang and Junwei [32] proposed a novel modal space decouple control strategy for motion trajectory tracking. This new control strategy based on the typical PID control method solved the coupling problem of the parallel mechanism, but the gravity of the parallel system was ignored. In this paper a new effective control structure is developed in motion area, which overcomes those disadvantages.
This paper designs a novel motion control strategy, MSDF motion control structure for the parallel mechanism. This control structure can solve those boring inherent properties including dynamic coupling in physical space, low response frequency in roll and pitch directions and device's gravity. Compared with those control frameworks in joint space and work space, the presented motion control method improves the performance of parallel robotic manipulator excellently.
II. SYSTEM MODEL
Two Stewart-Gough platforms connected in series forms the dynamic brace system. The system has twelve DOFs driven by twelve linear electric cylinders and each limb has the same kinematic chain of universal-prismatic-spherical (UPS) shown in Fig 1. This paper just analyses the kinematics and dynamics of the lower platform, which can be extended to another platform. 
A. DYNAMICS MODEL
In order to establish the dynamic model of the parallel mechanism better, we make several assumptions including the upper and lower platforms, the cylinder and piston rod and the connectors are all rigid bodies and masses of the connectors are ignored. Based on those assumptions, the parallel robotic brace system comprises of thirteen rigid bodies which include one motion platform, six cylinders and six piston rods. According to the angular momentum theorem and the Newton's second law, inertia force and moment can be described
where m p is the mass of the moving platform. t denotes the translation vector of the moving coordinate frame relative to the inertial coordinate frame. ω L means the angular velocity vector of the moving platform in the inertial coordinate frame. I p is the inertia tensor in the fixed coordinate frame, which is regarded as
where I p p is the inertia tensor in the moving coordinate frame and R is the direction cosine matrix from the moving coordinate frame to the fixed coordinate frame.
Combine (1) with (2), generalized inertia force of platform can be described as
whereω L is the skew symmetric matrix of angular velocity vector in the fixed coordinate frame andq is the generalized velocity in the fixed coordinate frame.
Similarly, using the Newton's second law and the angular momentum theorem, inertia force and inertia moment of piston rod can be written as
where m a is the mass of piston rod. v aci is the centroid velocity of piston rod. ω li is the angular velocity of leg. I ai is the inertia tensor of piston rod. The angular velocity of the leg and the centroid velocity of piston rod can be described using the generalized velocity of the moving platform
J aci,ai is the Jacobi matrix between the upper hinge point velocity and the centroid velocity of piston rod. J ai,q is the Jacobi matrix between the generalized velocity of the moving platform and the upper hinge point velocity. J wi,ai is the Jacobi matrix between the upper hinge point velocity and the angular velocity of the leg.
Combine (5), (6) , and (7) with EQ (8), the generalized inertia force of piston rod in the inertial coordinate frame can be obtained F Based on the Kane method and combine (4), (9) with (10), the dynamic model of the system can be expressed as
where F c is the contact force. G * is the gravity of system. τ is the generalized force and can be written as
where J T lq is the Jacobi matrix between the generalized velocity and the velocity of leg. F a is the net actuator output force.
According to (11) , the standard formula of multi rigid body dynamic model in task space can be rewritten as
where M is mass matrix of system. N is the centrifugal term. G is the gravity term. q is the generalized pose of the moving platform.
Besides, in joint space, (13) can be rewritten as
where M l is the mass matrix in joint space. C l is the centrifugal force. G l is the gravity term. The joint space and task space can be connected using the Jacobi matrix J lq .
The mass matrix of the robotic system in joint space is a real symmetric and positive definite matrix [33] .
B. KINEMATICS MODEL
The kinematics of parallel robotic manipulators has been widely studied in [34] - [36] . Thus, the kinematics of the system is not described in detail in this section. As shown in Fig 1, using geometric method, the inverse kinematics can be expressed as
where l i is the length of each actuator. a p i shows the radius vector of the upper joint point in the moving framework and b i is the radius vector of the lower joint points in fixed framework.
The analysis of the forward kinematic is aimed at achieving the position of the upper platform using the given length of limb. In this paper, the Newton-Raphson iterative algorithm is used to achieve the position of the platform. The iterative sequence of this algorithm can be expressed as
where l m is the measured actuator position.
C. ACTUATOR DYNAMICS
This parallel structure is driven by twelve electric cylinders. The force equilibrium equation is presented without considering the actuator's friction.
where F p is the output force of the actuator. F a can be measured using the force sensor. According to the output force principle of motor and the manufacturer information, the output force of actuator F p can be described as
where k t is the force coefficient of motor and I t is the equivalent current deduced from one current loop which is equivalent to the first order inertia link and the expression is
where τ 0 is the time constant of the equivalent current loop. U is the input of the current loop and can be expressed as (20) where k e is the equivalent electromotive force (EMF) coefficient and U ri is the control voltage of the ith motor.
III. CONTROL DESIGN A. PID MOTION CONTROL STRATEGY IN TRADITIONAL PHYSICAL SPACE
Traditional physical space can be divided into two control space, joint space and task space. Because of measuring poses of end effector with difficulty, the joint space control strategy (JSCS) is applied in practice extensively. Thus, only the JSCS is presented in this paper as an active force control strategy in traditional physical space shown in Fig 2 . In Fig 2, q d is the desired generalized pose of motion simulator. l d is the desired leg's position of motion simulator. Since the classical PID control scheme is widely used in practice, a typical P control method is adopted as the controller.
where k p is the P control parameter which is tuned in the process of experiment.
B. PID CONTROL STRATEGY IN MODAL SPACE
In physical space, since the strong dynamic coupling of parallel structure, it is difficult to control MIMO robotic brace system. In this paper, modal space decouple method is applied to solve the dynamic coupling problem and improve performances of the robotic brace system. In modal space, parameters of each channel can be tuned independently [37] . Fig 3 shows the PID control structure of motion simulator in modal space. In Fig 3, is modal matrix.l d is the desired leg's position in modal space.l is the actual leg's position in modal space. V is the input voltage in modal space. In traditional joint space, V is input of the parallel robotic manipulator. In modal space, the dynamic system is controlled using modal space decoupling strategy. The output of the controller isV andl is the feedback position of the leg in modal space.
In modal space, each channel is controlled independently [37] . To reveal this property, the classical P control strategy is also employed as the control laŵ
. . .
wherek i is the ith P control parameter in modal space.ê is the control error in modal space,ê =l d −l.
C. DYNAMICS-VELOCITY FEED-FORWARD CONTROL STRATEGY IN MODAL SPACE
In joint space and task space, since the strong dynamic coupling of parallel robotic manipulator, it is impossible to control MIMO dynamic system independently. In order to decouple the dynamic coupling system and improve the system performance, the modal space decoupling technique is used in this paper. In modal space, parameters of each channel can be tuned independently [37] . As shown in Fig 4, the MIMO system is controlled in modal space where each channel is controlled independently.
In Fig 4, k v is the velocity feed forward gain. k F is the dynamic feed forward gain.
Based on the feed-forward method, we design the modal space control law without affecting the stability of the modal space PID (MSPID) system. 
where M ld is the mass matrix in desired poses. G ld is the gravity term in desired poses (25) can be rewritten aŝ
whereM ld is the desired modal mass matrix,
Base on Laplace transformation, (23), (24) and (26) can be expressed asV
Substitute (28) and (29) into (27) , the modal space control law can be obtained
(30) can be rewritten aŝ
It can be seen from (31) that the MSDF control law is equivalent to designing a two-order differential position feed-forward link and a gravity compensation term in each channel independently based on the MSPID control theory, as shown in Fig 5. In Fig 5 , the feed-forward loop can be expressed as
In each channel, the control parameters of the MSDF control method can be tuned independently. Based on the property of each channel, the designed controller makes each modal channel reach to optimal performances. Therefore, the best performances of the parallel mechanism system can be achieved. 
IV. STABILITY ANALYSIS
Stability is the most important performance of the parallel robotic manipulator system. Since the dynamic feed-forward control method has no damage to the stability of the whole system, this paper analyzes the stability of the MSPID system.
Combine (18), (19) with (20), we can get
where
After Laplace transformation, (35) can be expressed as
Combine (14) with (17), (36) can be achieved
Since parallel robotic manipulator used for spine rehabilitation always works on low speed area, the contribution of centrifugal term C l in corrective system is very small [37] . The influence of gravity on the steady-state accuracy of motion simulator system can be reduced by reasonable gravity compensation. Without loss of generality, (36) can be rewritten as
After Laplace transformation, (38) can be achieved
Substitute (35) into (38)
According to the relationship between the modal space and the joint space, we can get
whereÛ r is the motor voltage in modal space.
Combine (41) with (42), (41) Combine (17) with (43), the transfer function fromÛ r tol is achieved
SinceÛ ri =V i EQ (44) can be rewritten as
Combine (22) with (45), the open loop transfer function of MSPID system is expressed aŝ
whereξ i is the damping coefficient,
. (46) can be written aŝ
whereω ni is the natural frequency of the system, ω ni = k t k e / τ 0Mli . According to stability criterion of logarithmic frequency characteristics, in order to guarantee the stability of the MSPID system, parameters of the system must satisfy (46).
It can be seen from (48) that by choosing appropriate control modal gain matrixK p , the stability of the MSPID system is guaranteed. Therefore, the MSDF motion control system is guaranteed robustly stable. 
V. EXPERIMENT
This section evaluates control performance based on MSDF control theory via experiment. In contrast to MSPID control method, MSDF control theory has better tracking performance.
A. EXPERIMENT SETUP
To implement and evaluate the performance of the proposed MSDF motion control strategy, an experimental parallel robotic manipulator is built in Fig 6, which has the following features: 1) twelve Firgelli miniature linear actuators, 2) a ATI 6-axis force sensor, 3) a NI-sbRIO real-time controller, 4) a monitor computer. The monitor computer provides the position reference signals and the motion controller is running in sbRIO. Table 1 shows geometric parameters of the intelligent system and the brace system sampling time is set to 20ms. 
B. EXPERIMENT RESULTS
For clearly revealing strong dynamic coupling of the robotic system in joint space, the classical P control strategy is applied for the JSCS. The control parameter k p = diag k p1 k p2 · · · k p6 is well tuned experimentally, k pi = 20.k pi is the ith channel of the system. As shown in Fig  7, the desired sine signals, 30mm/0.06Hz in surge and sway, 10mm/0.06Hz in heave, 6deg/0.06Hz in roll and pitch and 10deg/0.08Hz in yaw are exerted on the robotic spine brace with the classical P control method. k pi is changed to be 4 in turn. The responses to the reference signals are also shown in Fig 7 with the k p = diag (4 20 20 20 20 20) . Fig 7 shows that the change of the parameterk p1 affects not only the performance of X channel but performances of other channels. Similarly, the change of other parameters also affects the performance of all channels. That is to say, the change of any channel parameter will affect the performance of all channels in joint space. Thus, it is impossible to adjust each channel control parameter independently and the performance of each DOF is restricted by the properties of all channels. For solving the boring dynamic coupling problem in joint space, this paper presents a modal space control strategy. In modal space, each channel parameter can be adjusted independently without affecting performances of other DOFs. As shown in Fig 8, It can be seen from Fig 8 that the change of X channel parameter in modal space just affects the performance of the first DOF. That is to say, the first channel controller can be designed independently without affecting performances of other DOFs. Similarly, other channel control parameters can also be tuned independently. Thus, the MSPID control method presented in this paper solves the strong dynamic coupling problem of the robotic spine brace in joint space.
Since other inherent properties of the parallel manipulator, such as low response frequency and bad influence of device's gravity, it is necessary to design novel control strategy to solve those problems. In order to achieve better performances, this paper proposes an MSDF control structure for the robotic manipulator. For verifying the performance of the system with this presented control method, several desired signals are given to the robotic system. The modal space P controllers are tuned to bê [20 20 20 20 20 20] (49)
The dynamics-velocity feed-forward control parameters k v and k F are tuned to be 
In order to evaluate the low response frequency in roll and pitch directions, the desired sine signals 3deg/0.5Hz in roll and pitch are exerted on the robotic spine brace with the classical P control method. According to Fig 9, when the given signal frequency reaches 0.5Hz the lag of phase is 24 • in roll and 33 • in pitch and the attenuation of amplitude 21% in roll and 25% in pitch using the MSPID control strategy. However, the lag of phase is 6 • in roll and 7 • in pitch and the attenuation of amplitude is 9% in roll and 8% in pitch using the MSPID control strategy. Thus, the proposed MSDF control method can improve the response frequency excellently.
The gravity of the device mainly infects the performance in heave direction. In order to clearly reveal effects of the device gravity, the desired sine signals 6mm/0.1Hz in roll and pitch is exerted on the robotic spine brace with the classical P control method. Fig 10 shows that the attenuation of amplitude is 21% with MSPID control strategy while the attenuation of amplitude is 8% with the MSDF control method. Therefore, the designed MSDF control strategy can compensate the gravity of the device.
As shown in Fig 11, sine signals, 20mm/0.06Hz in surge and sway, 10mm/0.06Hz in heave, 6deg/0.06Hz in roll and pitch and 10deg/0.06Hz in yaw, are given to the robotic system in all six directions to detect the performance of the system. Compared with the MSPID control strategy, the attenuation of amplitude is a 65% decrease at least and the lag of phase is a 59% at least with the MSDF control method. Therefore, when the desired sine signals are applied on the robotic brace using the proposed MSDF control method, the intelligent robotic system can respond to the given signals than that of the MSPID control strategy.
The desired special motion signals are applied on the parallel manipulator in (51), respectively. Fig 12 shows the responses to the given special signals.
As can be seen from Fig 12, compared with the MSPID control strategy, the attenuation of amplitude is a 50% decrease at least and the lag of phase is a 56% at least with the MSDF control method. Thus, performances of the robotic spine brace with the MSDF control method are superior to that with the MSPID control strategy.
It can be seen from Fig 7-Fig 12 that the proposed MSDF control strategy solves not only the dynamic coupling problem of the system but other boring problems. Thus, the MSDF motion control structure improves performances of the robotic spine brace remarkably. The novel control method tracks the desired dynamic trajectory more quickly and accurately, and offers six DOFs motions to adapt to the movement of the human's spine.
VI. CONCLUSION
This paper designs a MSDF control framework for parallel intelligent mechanism for overcoming those inherent problems. When using the classical motion control strategy, the inherent properties of parallel mechanism in joint space or work space greatly limit the performance of parallel robotic manipulator and result in big loss of positions in the direction and value. In order to capture negative effects of the system, the MSDF motion control structure is developed by combing the modal space decoupling theory with dynamic-velocity feed-forward control technique. Several experimental desired position signals are given to the robotic spine brace system to evaluate the performance of the parallel robotic manipulator with the novel MSDF control theory. It can be seen from experimental results that the MSDF control can track the desired dynamic motion trajectory more quickly and accurately, and exert high-precision motions in six directions on human spine. VOLUME 6, 2018 The proposed MSDF motion control strategy is the novel control algorithm for the intelligent dynamic brace. Though the dynamic system can track the given dynamic motion signals excellently, there are several chances and challenges about the robotic brace system in the future. Currently, this intelligent robotic brace is a principle prototype which has not been applied on patients practically. Thus, more clinical trials are needed for verifying performances of the proposed control method in depth. The next step is exerting this robotic spine brace on patients using the novel control algorithm in practice. In this paper, the given signals are special motion signals. For rehabilitating patients' spine better, the real spinal trajectories should be adopted and applied on the human spine. Therefore, the electromyography (EMG) sensors will be used to detect the real daily motion trajectories of the human spine. Besides, the existence of uncertain disturbances, for example, frictions, modeling errors and the external environmental disturbances will damage the stability of the system. Thus, it is necessary to develop the MSDF control strategy based on and a disturbance observer in the future.
